he agricultural aviation industry has long been interested in atomization characteristics of the spray nozzles used on agricultural aircraft. Early interest in droplet size and droplet density was related to their influence on efficacy of crop production and protection materials. More recent concerns about spray drift and environmental trespass have heightened interest in characteristics of sprayed materials as related to spray drift. Droplet size and spray droplet spectra are the dominant factors in determining spray drift, with small droplets more prone to drift from the application zone than large droplets.
he agricultural aviation industry has long been interested in atomization characteristics of the spray nozzles used on agricultural aircraft. Early interest in droplet size and droplet density was related to their influence on efficacy of crop production and protection materials. More recent concerns about spray drift and environmental trespass have heightened interest in characteristics of sprayed materials as related to spray drift. Droplet size and spray droplet spectra are the dominant factors in determining spray drift, with small droplets more prone to drift from the application zone than large droplets.
The agricultural chemical industry responded to a call from the U.S. Environmental Protection Agency (EPA) for spray drift data for major agricultural chemicals. The industry created the Spray Drift Task Force (SDTF), which was composed of and supported a broad range of industry and academic scientists and engineers. The industry funded extensive research to document procedures and collect data for estimating spray drift from various spray application methods. This industry initiative ultimately led to a cooperative research and development agreement involving the SDTF, the EPA, and the USDA to develop information on spray drift that could be used by regulators, agricultural chemical companies, and pesticide applicators to reduce incidents of damaging spray drift. A technical committee of ASABE, through its Cooperative Standards Program, subsequently developed The author is Ivan W. Kirk, ASABE Member Engineer, Agricultural Engineer, USDA-ARS (Retired), 2903 Camille Dr., College Station, a standard for classifying agricultural sprays, ASAE S572 (Womac et al., 1999; ASAE Standards, 2004) .
Considerable data are available on aerial spray droplet spectra from different nozzles operating under various conditions (Akesson, 1954; Akesson and Gibbs, 1990; Bouse, 1994; Hewitt, 1995a Hewitt, , 1995b Hewitt, , 1997 Hewitt, , 2001 Picot et al., 1990; Barry, 1990, 1991; Yates et al., 1985) . However, these early data are of limited usefulness to aerial applicators in determining droplet spectra classifications (DSC) as specified in ASAE S572 for a given application because the data were collected and published before the original publication of ASAE S572, which defined procedures for obtaining DSC. The early publications primarily used volume median diameter (D V0.5 ) for characterizing spray droplet spectra rather than the more encompassing and conservative DSC as defined in ASAE S572.
The SDTF collected atomization data on numerous spray nozzles and developed atomization models to represent the spray nozzles in their study (Hermansky, 1998; Hewitt, 2001) . However, between the time the SDTF selected nozzles to study and the completion of their data collection, an industry phenomenon occurred: aerial applicator use of the CP-03 nozzle increased from less than 5% to over 60% market penetration. The CP-03 nozzle was not in the SDTF dataset, and the associated contracts were completed, but the need for atomization data for the CP-03 nozzle was readily apparent. Consequently, a study was conducted to develop data for the CP-03 aerial spray nozzle (Kirk, 1997) .
The easy-to-use model from that study led industry leaders in the National Agricultural Aviation Association (NAAA) to call for additional models that included the nozzles most commonly used in the industry. Consequently, the NAAA and the USDA conducted a survey of aerial applicators to determine the spray nozzles in most common use by the aerial application industry. Aerial spray nozzles with greater than 5% market penetration from the survey were selected for model development in this study of the fixed-wing segment of the industry. A few nozzles of special interest because of their unique design or atomization profiles were also included in this study. Some nozzle models (Kirk, 1998 (Kirk, , 1999 were developed prior to the original publication of ASAE S572. The earlier models in this series, including the models for the rotary-wing segment of the industry (Kirk, 2002) , were subsequently modified to comply with ASAE S572. Eleven fixed-wing aerial spray nozzle models were developed from a series of studies (table 1) and are reported herein.
OBJECTIVE
The objective of this study was to develop computerized atomization models for estimating droplet size as volume median diameter (D V0.5 ), relative span (RS), droplet spectra classification (DSC), and percentage of the spray volume in droplets less than 100 mm diameter (%V<100 mm) and less than 200 mm diameter (%V<200 mm) for eleven spray nozzles operating under conditions commonly used in fixedwing aerial applications. A criterion for the models was that they could be easily used by aerial applicators to determine DSC from their applications if required by either crop protection product labels or state regulatory agencies.
EQUIPMENT, MATERIALS, AND METHODS
This study was conducted in accordance with the specifications and intent of ASAE S572 as was reasonably possible. It is important to note that the primary or intended use of ASAE S572 is for ground application ("discharge in static air") rather than aerial application, for "relative nozzle comparisons based on droplet size only," and several other listed factors "not addressed by the current Standard." With these reservations noted by the Standard, and a study objective of providing reasonable applicability to real-world agricultural aerial applications, considerable professional judgment and decisions were necessary to comply with the intent of the Standard and yet provide usable data for aerial applicators. For example, data for the reference nozzles were first collected and recorded according to the Standard. None of the reference nozzles are classified as drift reduction nozzles and were thus run only with water.
However, since drift can be a problem with aerial application, and since surfactants generally reduce droplet size and increase drift potential, all of the nozzles classified in the study were run with a surfactant because surfactants are commonly used in pesticide formulations and in aerial agricultural chemical spray mixes. The surfactant selected for use in the study was a common agricultural chemical surfactant, rather than the scientific-industrial surfactants noted in the Standard, i.e., isopropanol (an industrial cleaning solvent and the primary ingredient in rubbing alcohol) or Surfynol TG-E (used primarily for water-based pigment-containing coatings). The spray mixture for all of the classified nozzles was thus tap water plus an agricultural surfactant.
The Standard imposes a conservative position relative to nozzle classification and spray drift by using a surfactant for classifying nozzles where spray drift may be an issue and by using one standard deviation above the threshold curve for the upper limit of each reference nozzle curve for classifying nozzles. The reference nozzles were classified with water as the spray liquid and in still air as the test condition, whereas the nozzles to be classified were classified with an agricultural surfactant in water and at reasonable airspeeds for fixedwing aerial agricultural applications.
In addition, while the procedures outlined in the Standard were used with the reference nozzles, longer atomization distances and a modified laser traversing protocol were used for the nozzles classified in the air stream to permit the spray plume to fully develop and be properly scanned. Otherwise, the procedures of ASAE S572 were followed for both the reference nozzles and the nozzles to be classified. These kinds of decisions and modifications were reasonable and necessary to ensure usable data for the aerial agricultural chemical application industry and still reasonably comply with the intent of the Standard.
Agricultural spray mixes are generally dilute water-based mixtures containing the active ingredient with its associated formulation components. Surfactants are usually included in the formulation, and operators often add additional surfactants to the spray mixture. An active ingredient was not included in the spray mixture for these studies. The spray mixture for all of the nozzle classification studies was tap water plus 0.25% v/v Triton X-100 (Rhom and Haas), a nonionic surfactant commonly used in agricultural chemical formulations. The dynamic surface tension of the spray solution for classifying the aerial nozzles was 44 dynes/cm at 20 ms rather than the 40 ±2 dynes/cm at 10 to 20 ms specified in the Standard. Dynamic surface tension is the only spray mix property referenced in the Standard.
TEST SETUP
An agricultural aircraft spray nozzle test facility, previously described by Bouse and Carlton (1985) and Bouse (1994) , was used to conduct the study. The test facility included an engine-driven centrifugal fan with a tapered exit transition to a 30 cm square outlet. The transition was equipped with multiple internal tubes to straighten the airflow in the test section. The square outlet was fitted with an airfoil-shaped horizontal spray boom section with a centrally located spray nozzle port. Airspeed was controlled by engine speed and was measured in the air stream with a Pitot tube and aircraft airspeed indicator. A PMS laser spectrometer system (OAP-2D-GAI probe and PC-compatible OAP-1000 data acquisition system, Particle Measurement Systems, Inc., Boulder, Colo.) was used to collect atomization data. ASAE S572 acknowledges that there are a number of laser-based droplet sizing instruments but does not specify either type or manufacturer. Womac et al. (1999) suggested that different instruments may give slightly different droplet size spectra, but when both reference nozzles and nozzles to be classified are operated with the same instrument, method, techniques, operator, and similar environmental conditions, as specified in the Standard, then the droplet spectra classifications would be expected to be similar.
The laser probe in this study was mounted on a motorized traverse system that permitted continuous scanning of the spray plume either horizontally or vertically. The laserimaging zone was 0.74 m downwind from the nozzle orifice except for the straight-stream nozzle trial points that specified no deflector or nozzle discharge angle. The laserimaging zone was moved to 1.12 m downwind from the nozzle orifice for the straight-stream trial points to permit the spray plume to further develop. The vertical expansion or height of the spray plume for each spray nozzle test condition was determined by a vertical centerline traverse of the spray plume with the laser probe at the designated imaging zone. The top and bottom points of the spray plume were noted when no spray droplets were detected by the laser probe. The height of the spray plume for each nozzle test condition was divided for continuous horizontal sampling scans at 1/8, 3/8, 5/8, and 7/8 of the plume height. Atomization data were continually collected on each of these four horizontal traverses of the spray plume as the laser probe moved from outside of the plume on one side, at each specified height, to outside of the spray plume on the other side. The outside edges of the plume were noted when there were no droplets passing through the plume, as visually observed on the data system monitor.
The number of droplets imaged in the four horizontal traverses of the plume ranged from 16,000 to 45,000. Following the four horizontal traverses of the spray plume, the OAP-1000 software was used to compute D V0.1 , D V0.5 , D V0.9 , RS, D 10 , D 30 , D 32 , D N0.5 , (ASAE Standard S327.2 FEB03) and percentage of the spray volume in size classes 18-100 mm, 100-200 mm, 200-300 mm, 300-400 mm, >400 mm, and <200 mm. Data from three of these fourtraverse data scans were recorded and means were computed for the atomization parameters for each of the 27 spray nozzle test conditions or treatments for each nozzle.
STATISTICAL ANALYSIS
Statistical replication implies that, for all test conditions, data are collected once for each test condition, data are then collected a second time for each test condition, and so on. In this study, the test conditions were randomly selected and operated for data collection. Each of the randomly selected test conditions was operated for data collection three separate times before the next randomly selected test condition was operated for data collection. This procedure was used to reduce the multiplicity of equipment setups and time required for each spray nozzle study. Consequently, the atomization parameter means from the three separate data collections are statistical repeated measures, as opposed to statistical replication as outlined in the Standard.
The arrangement of treatments for each spray nozzle study was from a series of multi-factor experimental designs developed by Box and Behnken (1960) . Multi-factor experimental designs were originally developed for research in the chemical industry and are common in the mathematical and statistical literature. Handbooks and texts summarize these models Table 2 . Design code and actual variable levels used for 27 trials with eleven fixed-wing aerial spray nozzles to characterize atomization performance.
Design Code
Orifice Number or Orifice Size (X 1 ) [a] Spray Discharge Angle (°) (X 2 ) [a] Spray Pressure (kPa) (X 3 ) [a] Air Speed (km/h) (X 4 ) [ [a] X 1 , X 2 , X 3 , and X 4 are symbols used for the respective variables in the response equations.
and their uses (Davies, 1963; Box and Draper, 1987) . The design selected was a rotatable second-order design for studying four variables, each at three levels, in 27 trials. The design prescribes variable levels for 27 trials or treatments to characterize the response surface created by the nozzle atomization parameters. The general form of the experimental design specifies experimental points coded as −1, 0, and +1 for each variable. The coded experimental design for the 27 trials is shown in the cited reference as well as in Kirk (2002) . The SDTF studies (Hewitt 2001) confirmed the long-held view that spray nozzle characteristics (primarily orifice size and spray discharge angle), spray pressure, and aircraft speed are the dominant factors influencing atomization and spray droplet size from spray nozzles on agricultural aircraft. These four factors were selected as the variables to investigate in these studies. The three actual values for each spray nozzle operating variable were selected from a reasonable aerial-use range for each nozzle. In general terms, the variable values could be called low, medium, and high. For continuous variables, such as spray pressure, aircraft speed, and spray discharge angle, the actual end-point values (−1 and +1 coded values) were equally spaced from the midpoint or medium parameter values (0 coded value). In a few cases, the orifice sizes available for a given nozzle were not equally spaced, so large and small orifices were selected as end-point values, and the midpoint value was selected from the other available orifice sizes for the nozzle that was most closely equidistant from the end points. For the CP-03 and CP-09 nozzles, the manufacturer provided a midpoint orifice diameter equally spaced between the end-point orifice diameters.
The values used for the low, medium, and high test conditions for each nozzle variable are shown in table 2. Atomization parameters D V0.5 , RS, and percentage of the spray volume <100 mm diameter and <200 mm diameter were selected for analysis and presentation because of the primary importance of these factors to aerial applicators in determining droplet size and percentage of the spray volume that is most subject to spray drift. These data were analyzed by the SAS RSREG procedure in SAS (2001) to develop response relationships for the selected factors. DSC was computed in the models from reference nozzle data and the predicted D V0.1 D V0.5 , and D V0.9 , as outlined in ASAE S572.
The two small droplet parameters reported in this study (percentage of the spray volume <100 mm diameter and <200 mm diameter) cover the reported historical range for this parameter and give more information than a single value. Values for two parameters can be particularly useful in estimating differences in spray drift potential when differences between treatments or nozzle setups are less apparent in other parameter values. Values of small droplet parameters from spray distributions are highly correlated (Teske et al., 2003) , so the specific parameter selected for drift potential estimations should not be a major factor in practical use. Coefficients of determination for measured and modelpredicted values of relative span were not as good as for the other parameters; consequently, the defined and computed values for relative span based on RS = (D V0.9 − D V0.1 )/D V0.5 were incorporated into the models rather than values predicted by the models for this parameter.
RESULTS AND DISCUSSION
The second-order response relationships developed with the specified design and analysis are of the following form: = airspeed (km/h) A to O = coefficients for respective terms of the equation. The relationships for each nozzle were implemented in Excel (Microsoft Corp.) spreadsheets; an example is shown in figure 1 . The coefficients for the respective terms of the atomization parameter equations are listed in the Appendix. These atomization parameter equations must be used with the SI units as noted for the predicted Y values to be correct; different units require different coefficients for each term of the equation. In addition, the equations are not valid outside of the experimental ranges for the X variables, as noted in table 2. Within these constraints, the five equations that may be assembled for each nozzle from the information in the Appendix provide least-squares estimates of the atomization variables for the eleven fixed-wing aerial spray nozzles included in this study. Statistical parameters that characterize the response surface equations for the nozzles were computed and analyzed; brief comments about the statistics are noted in the following sections.
Volume Median Diameter (D V0.5 ) values as measured for the 27 trial points with the 40° flat-fan, 80° flat-fan, and CP-03 nozzles were generally in the range of 120 to 550 mm. The straight-stream nozzles had general D V0.5 ranges of 220 to 750 mm. D V0.5 for the metal disc-core nozzles were in the general range of 200 to 600 mm, with the 56-core nozzle having about 100 mm smaller diameters than the 46-core nozzle. The ceramic disc orifice 46-core nozzle had a narrower range of D V0.5 than the metal 46-core nozzle. Linear terms dominated the response, with quadratic and cross-product terms generally having less influence. Airspeed was the most significant factor in determining D V0.5 for each nozzle, except the disc orifice 56-core nozzle for which nozzle angle was most significant. The disc orifice straight-stream nozzle produced the lowest coefficient of variation. The response surface equations had R 2 values of 0.93 to 0.99 for D V0.5 , indicating that the models gave good estimates of volume median diameter for the measured trial points.
Relative Span (RS) is defined by the equation (D V0.9 − D V0.1 )/D V0.5 , where D V0.1 , D V0.5 , and D V0.9 are the droplet diameters such that 10%, 50%, and 90%, respectively, of the spray volume is in droplets of smaller diameter. RS is a measure of the range of droplet sizes in the spray spectrum, with smaller numbers indicating a narrower range of droplet sizes accounting for the mid-80% of the spray volume. In early work in this series, model equations were developed for RS. However, in recent work in this series and in this article, model equations were developed for D V0.1 and D V0.9 along with Percentage of Spray Volume in Droplets Smaller than 100 mm (%V<100 mm) is one of the primary parameters indicative of spray drift propensity of aerially applied agricultural materials. The measured %V<100 mm ranged widely for the different nozzles. The small orifice 40° and 80° flat-fan nozzles and the CP-03 nozzle had %V<100 mm ranging to 40%; the ceramic disc orifice 46-core nozzle and the CP-11TT nozzle with straight-stream tips produced the lowest %V<100 mm for the trial points. Linear, quadratic, and cross-product terms of the equations were significant in describing this parameter, except for the CP-09 and the ceramic disc core nozzles, which had significant linear and quadratic terms only. Airspeed was the most significant factor for describing this response for most of the nozzles; exceptions were the ceramic disc orifice 46-core and the metal disc orifice 56-core nozzles where nozzle angle was most significant, and the large orifice 40° flat-fan nozzle where orifice size was most significant. The CVs for %V<100 mm were lowest for the Lund nozzle and highest for the large orifice 40° flat-fan nozzle. R 2 values for the response surface equations for %V<100 mm ranged from 0.90 to 0.99.
Percentage of Spray Volume in Droplets Smaller than 200 mm (%V<200 mm) also provides a measure of potential spray drift from aerial sprays. The range of %V<200 mm is about double that of %V<100 mm. The small orifice flat-fan, CP-03, and disc orifice 56-core nozzles had the highest %V<200 mm values, and the large orifice 40° flat-fan, CP-11TT with straight-stream tips, and disc orifice 46 core nozzles had the lowest values for %V<200 mm in the trial points. Linear, quadratic, and cross-product terms of the equations were significant in describing this parameter for most of the nozzles; exceptions were the large orifice 40°f lat-fan, the 80° flat-fan, and the CP-09 nozzles with only linear and quadratic terms significant in describing this response. Airspeed was the dominant factor for describing this response for most of the nozzles; exceptions were the large orifice 40° flat-fan nozzle and the ceramic disc orifice 46-core nozzle, where nozzle angle was the dominant factor influencing %V<200 mm. CVs for %V<200 mm ranged from 12 to 24 for all nozzles, except for the Lund straight-stream nozzle with a CV of 7.8 and the ceramic disc orifice 46-core nozzle with a CV of 9.7. R 2 values for the response surface equations for %V<200 mm ranged from 0.95 to 0.99 for all nozzles.
VALIDATION OF RESULTS
Validation of response relationships is a requisite part of proposing equations that model physical phenomena. It is clear from the R 2 values that the equations modeled the trial points very well. Validation of the equations for points other than the trial points was conducted for the CP-09 nozzle, formerly called the CP straight-stream nozzle (Kirk, 1998) . That D V0.5 validation exercise demonstrated that the models gave good estimates of performance for points other than the trial points and within the limits of the variables explored in the trials. The approach selected for a broader validation in this study was to compare model predictions with spray droplet spectra data in the published literature, where others have used some of the same spray nozzles and the same or similar experimental setups. Yates et al. (1985) used 18 data points with three disc core nozzles and two flat-fan nozzles in the range of variables used in the current study. Bouse (1994) used 27 data points with three straight-stream nozzles, one disc core nozzle, and the CP-03 nozzle in the range of variables in the current study. These 45 measured data points and the respective model predictions for the operational conditions associated with the respective points are presented in figure 2. The measured D V0.5 for the 27 trial points for the CP-09 nozzle and the respective model predictions for those points are also shown in figure 2, along with four measured and predicted validation points selected to cover the range of D V0.5 produced by the CP-09 nozzle. The measure of experimental variability in the 27 trial points is expressed in the R 2 value of 0.96, which is a mid-range R 2 value for D V0.5 for the eleven nozzles in the current study. The CP-09 nozzle validation points are actually more tightly grouped around the predicted D V0.5 = measured D V0.5 diagonal than the trial points. The predicted D V0.5 values for the points measured by Yates et al. (1985) are also rather closely aligned with the 1-to-1 diagonal line, except for two outlying data points.
The Bouse (1994) data set has more discrepancy than the other data sets in measured vs. predicted D V0.5 values. The model underpredicted the measured values for all of these 27 data points. However, most of the predicted values place the predicted D V0.5 in the same DSC category (based only on D V0.5 ) as the measured value. The notable exceptions are the predicted D V0.5 values for measured D V0.5 values exceeding 450 mm. These points are substantially underpredicted, particularly above D V0.5 measured values of 700 mm. All of these substantially underpredicted points are from disc orifice straight-stream nozzles. Bouse (1994) noted that the procedure for scanning the straight-stream nozzles was to scan four times with the laser probe through the center of the spray plume rather than through the plume at 1/8, 3/8, 5/8, and 7/8 of the plume height, as was used consistently in the current study. It is reasonable to expect that laser probe scans at 1/8 and 7/8 of plume height would be of predominantly smaller droplets than scans through the center of the plume. This could be part of the reason for the apparent underprediction of D V0.5 values for the straight-stream nozzles in the Bouse (1994) study.
Another factor that could be part of the reason for the apparent underprediction of D V0.5 values is the different rates of surfactants that were used in the different studies. In addition, dynamic surface tension values were not specified in the earlier studies, which could have influenced the comparisons. It is notable that in the current study, the actual upper limit of the classification threshold curves has been increased by one standard deviation above the reference nozzle curves, as specified in ASAE S572, which in effect reduces the possibility of higher DSC values. This could also be a factor in the results of similar DSC data comparisons reported by Smith et al. (2005) . It is also noteworthy that model underprediction of D V0.5 values provides a safety factor when model predictions are used in a regulatory environment for controlling spray drift. These validation results show that spray nozzle models with reasonable statistical bases can be useful tools for aerial applicators to use in estimating DSC for compliance with product label and regulatory agency requirements. 
SUMMARY
Eleven spray nozzle atomization models were developed for spray nozzles in common use in the fixed-wing agricultural aviation industry in the U.S. The models were demonstrated to provide reasonable estimates of spray droplet spectra parameters that are useful in controlling spray drift and complying with product label specifications. The models provide information on droplet size, relative span, percentage of spray volume in the highly driftable portion of the spray spectrum, and droplet spectra classification. This information has been useful to aerial applicators in responsible application of crop production and protection products, and particularly to applicators in states that use these models in regulatory compliance for spray drift mitigation. The models are available in traditional units in the Aerial Applicators Spray Nozzle Handbook (Kirk, 2004) or on-line at http://apmru.usda.gov/downloads/downloads.htm.
APPENDIX
The following tables list coefficients and terms for the response equations for the atomization parameters for eleven spray nozzles for fixed-wing aircraft. These coefficients are for use with the X-variables in SI units, i.e., model orifice size or orifice number as specified by the manufacturer (see table 2), deflector angle or nozzle discharge angle in the air stream (degrees), pressure (kPa), and airspeed (km/h). The atomization parameters are defined as follows:
= droplet diameter such that 10% of the spray volume is in smaller droplets. D V0.5 = volume median diameter in mm. D V0.9 = droplet diameter such that 90% of the spray volume is in smaller droplets.
%V<100 mm = percentage of spray volume in droplets smaller than 100 mm diameter. %V<200 mm = percentage of spray volume in droplets smaller than 200 mm diameter. 
